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Introduction {#s1}
============

Chronic lymphocytic leukemia (CLL) is a malignant disease characterized by the proliferation of CD5+CD23+ B cells. The clinical course is heterogeneous in CLL. About half of patients live for decades and never require treatment, while the other half become symptomatic or progress to late stages of the disease and require chemotherapy. Low rate of mutation of the IGHV sequence, and high levels of expression of ZAP-70, CD38, and CD49d/ITGA4, are prognostic risk markers [@pone.0109533-Chiorazzi1]. Despite this heterogeneity, gene expression profiles (GEP) in CLL are relatively homogeneous, considering that specific CLL signatures clearly discriminate CLL cells from B cells of other related pathologic entities and from normal B cells [@pone.0109533-Klein1]--[@pone.0109533-Drig1], whereas specific signatures for CLL prognostic groups are based on more subtle differences [@pone.0109533-Wiestner1]--[@pone.0109533-Seifert1]. CLL cells spontaneously and rapidly die *in vitro*, because they lack essential signals provided by the natural microenvironment [@pone.0109533-Douglas1]. CLL cells interact with bone marrow stromal cells, and with T cells, antigen-presenting cells and dendritic cells within the lymph node proliferation centers (or pseudofollicles). Cytokines, chemokines, integrins, and other ligands and receptors play key roles in proliferation and survival within these cellular niches [@pone.0109533-Burger1].

Interleukin-4 (IL-4) is a cytokine secreted by activated T cells, NK-T cells, basophils, eosinophils and mast cells. Paracrine stimulation through the IL-4 membrane receptor (IL-4R) induces signaling cascades leading to maturation of B-cell precursors into immunoglobulin-secreting cells and antigen presenting cells, proliferation of activated B cells, and induction of isotype switching toward IgE [@pone.0109533-Okada1]. The activated IL-4R phosphorylates JAK1 and JAK3. JAK1 phosphorylates STAT6 which homodimerizes and enter the nucleus to regulate gene expression. JAK1 and JAK3 lead to anti-apoptotic signaling through PI3K/AKT and the mitochondrial pathway, and through the Ras/MAPK pathway and NFκB activation [@pone.0109533-Zamorano1]. NFκB activation is anti-apoptotic in CLL [@pone.0109533-Furman1], [@pone.0109533-Cun1]. In B cells, IL-4 induces preferentially the non-canonical NFκB pathway [@pone.0109533-Thieu1]. IL-4 induces efficient STAT6 phosphorylation and activation in CLL [@pone.0109533-Bhattacharya1]. However, binding of NFκB to the promoter of IGHE, CD86 and MHCII is necessary for STAT6 binding and transcription [@pone.0109533-Thieu1], [@pone.0109533-Shen1], [@pone.0109533-Messner1].

IL-4 efficiently protects CLL cells from spontaneous apoptosis or killing with agents such as fludarabine and chlorambucil [@pone.0109533-Douglas1], [@pone.0109533-Dancescu1], [@pone.0109533-Steele1]. CLL cells have been reported to be more prone than normal B cells (NBC) to spontaneous apoptosis [@pone.0109533-Douglas1], and those expressing good prognostic markers more than those expressing bad prognostic markers [@pone.0109533-Coscia1]. IL-4 acts in a paracrine rather than autocrine manner in CLL [@pone.0109533-MainouFowler1]. GEPs in follicular lymphoma suggest that a connection dependent on IL-4 between T cells and the malignant B cells sustains tumorigenesis [@pone.0109533-Pangault1]. Similarly, IL-4 could play a role in CLL pathogenesis and progression. Several studies have focused on identifying the IL-4 targets in mouse B splenocytes [@pone.0109533-Schroder1], some lymphoma subtypes [@pone.0109533-Lu1], and other non B cell types (see additional references in [Table S5](#pone.0109533.s008){ref-type="supplementary-material"}). However, the gene expression response to IL-4 in CLL is poorly known.

We report here the first study aimed at identifying the IL-4 targets in CLL. We found sets of genes differentially regulated by IL-4 in CLL and NBC, and within CLL, depending on ZAP-70 expression, suggesting that the gene expression response to IL-4 may be relevant in CLL pathogenesis and prognosis. Finally, we found evidence for a dual mechanism which links the gene expression response to IL-4, NFκB activity, and ZAP-70 expression, based on the observation that a proportion of the IL-4 targets have a higher response in ZAP-70 positive patients which can be blocked by an NFκB inhibitor, and another group of IL-4 targets have a higher response in ZAP-70 negative patients which can be further induced by the NFκB inhibitor.

Methods {#s2}
=======

Sample collection {#s2a}
-----------------

Peripheral blood samples from 38 chronic lymphocytic leukemia (CLL) patients and 13 controls with normal lymphopoiesis were obtained. The study was approved by the Review Board of Hospital Clínico Universitario Virgen de la Arrixaca, and the participants provided their written informed consent. All the patients had leukocytosis and did not receive treatment during the prior 3 months to sample collection. From the 38 CLL patients, 23 were studied by microarray and 15 were included later to increase the statistical significance of validations ([Table S1](#pone.0109533.s004){ref-type="supplementary-material"}).

Cell isolation {#s2b}
--------------

Samples were processed to isolate the B cells by negative selection procedures which were based on cocktails containing CD2, CD16, CD36 and CD235a antibodies for depletion of T cells, NK cells, monocytes, macrophages, and erythrocytes. The RossetteSep Human B Cell Enrichment Cocktail kit (StemCell Technologies, Vancouver, Canada) was suitable for CLL samples, since these are rich in malignant B cells. Small volumes of peripheral blood (10 mL) were collected from patients, and B cell isolation was directly performed during Ficoll centrifugation, following the manufacturer\'s instructions. The Dynabeads Untouched Human B cells kit (Invitrogen, Carlsbad, CA) was a suitable choice for normal B cells (NBC) due to the low content of B cells in the peripheral blood of normal subjects (usually less than 10% of the lymphocytes). Larger volumes of peripheral blood were collected (500 mL), PBMC were isolated by centrifugation over Ficoll 1.077 g/mL, and NBC isolated using the kit, following the manufacturer\'s instructions. Enrichment was determined by labelling with CD19-FITC, CD3-PE, and CD5-PE-Cy7 ((BD Biosciences), followed by acquisition in a FACScalibur flow cytometer (BD Biosciences), and analysis using the CellQuest software. Purity of CD19+ cells was 93.5±1.41% (mean ±s.e.m.) in NBC and 97.54±0.34% in CLL, including 0.56±0.17% of CD19+CD5- potential normal B cells within the CLL fractions (range 0--1.98%). The percentage of ZAP-70 positive cells within the CD19+CD5+ fraction of CLL was determined from aliquots of peripheral blood subjected to red cell lysis, permeabilization with the Cytofix/Cytoperm kit, and labelling with CD19-FITC, ZAP70-PE, CD5-PE-Cy7, and CD3-APC (BD Biosciences).

Cell culture and determination of apoptosis {#s2c}
-------------------------------------------

Following purification, three fractions of the purified CLL and NBC were processed: a) at time zero ("Pre"); b) after being cultured for 18 hours in RPMI-1640 medium supplemented with 10% fetal calf serum (Cambrex, East Rutherford, NJ) ("Ctrl"); and c) as b, but with adding 10 ng/mL of human recombinant IL-4 (BD Biosciences, San Diego, CA) ("IL-4"). In the absence of sufficient material, the Ctrl culture was not carried out in 3 NBC (NBC06, NBC07, and NBC08). In selected patients, additional fractions were treated with IL-4 plus InSolution NF-kB activation inhibitor \[6-Amino-4-(4-phenoxyphenylethylamino)quinazoline\] (Merck, Nottingham, UK) at 1 µM and 10 µM. Apoptosis of the cultured cells was determined by dual labelling with annexin V and propidium iodide (BD Biosciences), and flow cytometry analysis.

RNA isolation {#s2d}
-------------

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). RNA samples were quantitated in a NanoDrop 2000 (Thermo Fisher Scientific, Whaltham, MA). RNA quality was examined in an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Only samples with R.I.N. (RNA Integrity Number) \>7.0 were further studied.

Microarray analysis {#s2e}
-------------------

From each RNA sample, 250 ng were labeled with cyanine 5-CTP (Cy5) using Agilent Two Color Quick Amp Labeling and RNA Spike-In kits, according to the manufacturer\'s protocol. A pooled sample composed of equimolar amounts of RNA from Pre samples of 4 CLL and 4 NBC (reference), was labelled with cyanine 3-CTP (Cy3). The labeled cRNAs were mixed together and hybridized onto Agilent Whole Human Genome Microarrays (4×44 k) targeting 19,596 Entrez Gene RNAs, using the Agilent Gene Expression Hybridization kit. After hybridization, the microarray slides were washed and scanned in an Agilent G2565CA DNA Microarray Scanner. Images were analyzed with the Agilent Feature Extraction software to automatically generate the datasets. Log~10~ ratios (test vs reference) were computed after normalization correction performed by linear and Lowess methods. The datasets were statistically analyzed and visualized using the GeneSpring GX software (Agilent), using the one-way ANOVA test (p\<0.05) between samples Pre, Ctrl, and IL-4, with post hoc Tukey HSD analysis ([Figure 1A](#pone-0109533-g001){ref-type="fig"}). The computation of p-values was performed using the Benjamini-Hochberg FDR correction. CLL and NBC were analyzed independently for each cell type. Those entities that passed the analysis with increases or decreases above 2-fold for comparisons IL-4 vs Pre, and IL-4 vs Ctrl concurrently and with the same direction of change were considered IL-4 targets. Similarly, entities that passed the ANOVA test with post hoc analysis with increases or decreases above 2-fold for comparisons Pre vs Ctrl, and IL-4 vs Ctrl concurrently and with the same direction of change, excluding some genes that were among the IL-4 targets, represented genes whose expression was altered by cell culture but remained stable under culture with IL-4. Finally, entities that passed the ANOVA test with post hoc analysis with increases or decreases above 2-fold for comparisons Pre vs Ctrl, and Pre vs IL-4 concurrently and with the same direction of change, excluding some genes that were in the previous two lists, represented genes whose expression was altered by cell culture and not stabilized by IL-4. Our initial analysis performed with the first 10 patients and controls showed an elevated number of entities with significant changes induced by cell culture and not stabilized by IL-4, indicating that our approach of subtracting sample Ctrl was essential to identify changes specifically induced by IL-4. However, most changes identified for comparisons IL-4 vs Ctrl were also significant for comparison IL-4 vs Pre. For this reason, comparison IL-4 vs Pre was judged as dispensable from that time. Thus, our final microarray analysis was based on 23 CLL patients (10 Pre, 23 Ctrl, and 23 IL-4), and 13 NBC samples (10 Pre, 10 Ctrl, and 13 IL-4). Cells from patient CLL01 treated with IL-4 plus NFκB inhibitor was also studied by microarray. Datasets were deposited at the Gene Expression Omnibus database under accession number GSE55288. After defining the IL-4 targets, to determine whether they had responses of different magnitude between CLL and NBC, the extent of changes in each individual (expressed as log~2~ ratios for IL-4 vs Ctrl) was compared by the Student t test using the SigmaStat statistical analysis package (Systat Software Inc, San Jose, CA). In addition, the behavior of the different IL-4 targets was compared between patients by Pearson correlation analysis using SigmaStat, and by hierarchical clustering analysis using the Ward\'s linkage method on euclidean distances. Predictions for molecular interactions, activation state of trascription factors, biological functions, canonical pathways, and process networks, interpreted from the sets of genes differentially expressed, were performed using the MetaCore software (Thomsom Reuters Systems Biology, New York City, NY).

![Identification of the IL-4 targets in CLL and in NBC.\
(A) Scheme of the strategy used to identify the IL-4 targets in patients and in controls. (B) Heat maps for expression of IL-4 targets which had: *top panel*, similar changes in CLL and NBC and above 3-fold change for both; *center panel*, significantly higher changes in CLL and above 3-fold change in CLL; *bottom panel*, significantly higher changes in NBC and above 3-fold change in NBC. IL-4 targets are ordered alphabetically. In the event that several probes represent the same gene, only one is shown. Relative expression levels are depicted according to the shown log~2~ color scale.](pone.0109533.g001){#pone-0109533-g001}

Quantitative PCR (qPCR) {#s2f}
-----------------------

RNA samples were subjected to retrotranscription with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA), following the manufacturer\'s instructions. QPCR was performed with the SYBR Premix Ex Taq (Takara Bio, Mountain View, CA) in an ABI Prism 7000 Sequence Detection System. QuantiTect primer assays (Qiagen) specific for the following genes were used: AUH, BCL6, CCR2, CDH1, CLDN1, CTGF, FRY, GAPDH, GCET2, INSM1, LILRB1, LILRB2, LY75, MFI2, NFIL3, NGEF, NKG2D, RAB3B, SLC24A3, SUSD2, and ZAP-70. ZAP-70 mRNA quantification via qPCR is a strong surrogate marker of IGHV mutational status and a powerful prognostic factor [@pone.0109533-Stamatopoulos1]. This method can be applied to purified B cells, and does not require an internal control (T cells) to evaluate the positivity limit. Both qPCR and microarray measures of ZAP-70 expression were used for analysis of correlations with GEPs. GAPDH was used as reference for all the qPCR assays. Measures were performed in duplicate. Analysis with the 7000 System SDS software provided the cycle threshold (Ct) values. The average Ct values for GAPDH were subtracted from the average Ct values for IL-4 target genes, resulting in the ΔCt values. Next, the ΔCt value for the reference sample was subtracted from all the others including itself, resulting in the ΔΔCt values. Finally, the relative expression values, expressed as fold change compared to the reference, were generated using the formula 2^−ΔΔCt^. For validation of microarray data, the fold changes obtained by microarray, expressed as log~2~, and the −ΔΔCt values obtained by qPCR were compared by the Student t test, and by Pearson correlation analysis, using SigmaStat.

Results {#s3}
=======

Basal GEPs of CLL and NBC {#s3a}
-------------------------

To obtain an indication that our methodological approach was reliable, the baseline GEPs of CLL and NBC were compared by the Student t test, and the genes differentially expressed were contrasted with the literature [@pone.0109533-Klein1]--[@pone.0109533-Seifert1]. Many of the genes significantly overexpressed (e.g. ABCA6, FMOD, IGFBP4, IGSF3, LEF1, RASGRF1, RHOC, ROR1, WNT3), or underexpressed (e.g. EBF1, HIF1A, IQSEC1, KLF3, MS4A1, SIPA1, TRIB2, TUBB1, VAV3, ZBTB16) in CLL, were concordant with previous studies, thereby providing proof of the validity of our microarray study. The complete list (cut-off 2-fold, p\<0.05 ([Table S2](#pone.0109533.s005){ref-type="supplementary-material"})), and a heat map representation of the most significant (cut-off 3-fold, p\<0.001 ([Figure S1](#pone.0109533.s001){ref-type="supplementary-material"})), are provided. Of note, no significant difference for IL4R expression was found between CLL and NBC.

Identification of IL-4 targets in CLL and NBC {#s3b}
---------------------------------------------

Microarray analysis identified 232 non-redundant entities in CLL (188 upregulated, 44 downregulated; [Table S3](#pone.0109533.s006){ref-type="supplementary-material"}), and 146 non-redundant entities in NBC (133 up, 13 down; [Table S4](#pone.0109533.s007){ref-type="supplementary-material"}) as IL-4 targets (cut-off 2-fold, p\<0.05), being 95 common to both groups (90 up, 5 down), 137 restricted to CLL (98 up, 39 down), and 51 restricted to NBC (43 up, 8 down). Because an incubation period of 18 h allows regulation of direct and indirect IL-4 targets, we assume that the genes with the highest levels of change would probably be direct targets. The 50 IL-4 targets with the highest levels of change in CLL and NBC are shown in [Table 1](#pone-0109533-t001){ref-type="table"}. From the 283 non-redundant entities identified as IL-4 targets in CLL and NBC altogether, 229 were well-defined genes (189 in CLL, 129 in NBC, 89 common), and the remaining corresponded to sequences not fully defined. To the best of our knowledge, 186 out of the 189 genes (98.5%) were novel IL-4 targets for CLL, 191 out of the 229 genes (83%) were novel IL-4 targets for B cells of any source, and 160 out of the 229 genes (70%), were novel IL-4 targets for any cell type ([Table S5](#pone.0109533.s008){ref-type="supplementary-material"}). Therefore, the vast majority of the genes identified in our study were novel IL-4 targets. The search for genes differentially regulated between CLL and NBC was refined by comparing the intensity of their changes by the Student t test (p\<0.05). As a result, 54 genes (38 up, 16 down) had higher responses in CLL, and 11 genes (9 up, 2 down) had higher responses in NBC ([Table S3](#pone.0109533.s006){ref-type="supplementary-material"}, [Table S4](#pone.0109533.s007){ref-type="supplementary-material"}, and [Figure 1B](#pone-0109533-g001){ref-type="fig"} centre and bottom showing a selection of those that changed above 3-fold). These findings suggest that IL-4 probably induces divergent pathways in CLL and NBC.

10.1371/journal.pone.0109533.t001

###### Top 50 IL4 targets in CLL and NBC.

![](pone.0109533.t001){#pone-0109533-t001-1}

  CLL              NBC                  
  -------------- ------- -------------- -------
  **SLC24A3**     61.79      CCL17       24.37
  CCR2            34.08       CCR2       17.79
  NFIL3           30.62    **NKG2D**     16.18
  CCL17           19.82      NFIL3       15.33
  HOMER2          18.72      CLEC4A      10.87
  **QSOX1**       16.83      HOMER2      10.45
  SOCS1           14.21     CCDC165      8.26
  **NCF2**        13.85       CISH       7.65
  RASL10A         13.56      HS3ST1      7.62
  CLCN5           12.98     RASL10A      7.55
  SLC39A8         12.29     SLC37A3      6.94
  SLC37A3         12.00      QSOX1       6.92
  **NGEF**        11.18       VDR        6.59
  CISH            10.98       MFI2       6.51
  **NR4A3**       10.08     SLC30A4      6.41
  XBP1            9.47       PEG10       6.41
  **SPAG1**       8.97       ENPP1       6.09
  **KIF15**       7.57     **TMEM71**    6.06
  BCL6            7.10      SLC39A8      5.91
  **IGHE**        7.09       CLCN5       5.77
  CCDC165         6.83       ZBTB8A      5.31
  CLEC4A          6.65      **CTGF**     5.19
  **SUSD2**       6.33      MOBKL2C      4.98
  **TLR7**        6.23       NETO1       4.89
  **SCN4A**       6.23        CDH1       4.83
  MOBKL2C         6.03       GCET2       4.82
  **INSM1**       5.90      MACROD2      4.76
  **ADAP2**       5.89     **RAB3B**     4.60
  RNF19A          5.82      FAM126A      4.33
  CARD9           5.63       IL2RA       4.29
  CDH1            5.62        GNG8       4.29
  TREML2          5.56       IL4I1       4.25
  TBC1D8          5.50      ARHGEF17     4.09
  **FCRL2**       5.46        GAS6       4.00
  **CLDN1**       5.45       ZNF443      3.96
  **LY75**        5.40     **IGSF3**     3.94
  SLC30A4         5.36       APOL6       3.93
  AUH             5.11       PALLD       3.83
  MFI2            5.08       SPINT2      3.81
  GFI1            5.08    **FLJ21408**   3.79
  SLC47A1         4.90       TREML2      3.76
  VMP1            4.58       SOCS1       3.74
  FAM126A         4.55        GFI1       3.61
  CHSY1           4.53      PHF20L1      3.57
  HS3ST1          4.46        KMO        3.43
  GCET2           4.38      C16orf87     3.36
  **ZC3HAV1L**    4.31        IGHE       3.31
  RNF125          4.16        IL4R       3.30
  MNDA            −4.39    **APBB2**     −3.51
  CCR7            −4.48      SLC2A5      −4.07

(†) Mean fold change for comparison IL-4 vs Ctrl.

Genes in **bold** characters: significantly higher in CLL or NBC for both comparisons (IL-4 vs Pre and IL-4 vs Ctrl).

Validation of microarray analysis {#s3c}
---------------------------------

To validate microarray experiments, representative IL-4 targets, restricted to CLL or NBC, or unrestricted, were assayed by qPCR ([Figure 2](#pone-0109533-g002){ref-type="fig"}). In most cases, comparison using the Student\'s t test validated microarray data. For most genes, both techniques correlated significantly (p\<0.05, [Figure S2](#pone.0109533.s002){ref-type="supplementary-material"}). At the protein level, other authors and ourselves have provided, in previous reports, validation for several IL-4 targets detected in this study, such as CYSLTR1 [@pone.0109533-Early1], IGHE [@pone.0109533-Finkelman1] and NFIL3 [@pone.0109533-Kashiwada1] in B cells, or for DOCK10 in CLL and NBC cells [@pone.0109533-AlcarazGarca1].

![Validation of IL-4 targets in CLL and NBC by qPCR.\
Box whiskers representations of qPCR validations of 14 IL-4 targets representative of (A) restricted to CLL; (B) restricted to NBC; and (C) common to CLL and NBC. QPCR data are expressed as −ΔΔCt. IL-4 targets are ordered alphabetically.](pone.0109533.g002){#pone-0109533-g002}

Correlations between IL-4 targets, and with basal expression of ZAP-70 {#s3d}
----------------------------------------------------------------------

To determine whether the gene expression response to IL-4 was homogeneous between patients, a correlation analysis between changes of every pair of genes, and between changes of each gene and the basal levels of expression of ZAP-70, CD38, and ITGA4 (whose levels did not significantly change under culture or treatment with IL-4) were performed. The numbers of non-redundant entities correlated positively or negatively with ZAP-70 were 42 and 20, respectively, setting the cut-off values of R-coefficient at ±0.4 ([Figure 3](#pone-0109533-g003){ref-type="fig"}; the R-coefficients for all the IL-4 targets are shown in [Table S10](#pone.0109533.s013){ref-type="supplementary-material"}). Expression of ZAP-70 determined by microarray and qPCR were correlated ([Figure 3](#pone-0109533-g003){ref-type="fig"} inset). This analysis indicates that specific sets of genes were preferentially induced in the ZAP-70 positive or negative patients. According to this criterion, the IL-4 targets were categorized as ZAP-70^Pos^ or ZAP-70^Neg^, respectively. These conclusions were validated by hierarchical clustering analysis of these sets of genes using their fold changes, resulting in segregation of patients into two clusters, one containing the ZAP-70 positive patients and the other the ZAP-70 negative patients ([Figure S3](#pone.0109533.s003){ref-type="supplementary-material"}). Expression of ZAP-70, CD38, and ITGA4 significantly correlated in CLL (R = 0.512 for ZAP-70 and CD38, R = 0.509 for ZAP-70 and ITGA4, and R = 0.393 for CD38 and ITGA4); and in general, also correlated similarly with the IL-4 targets (e.g., positive correlations with SUSD2, CABIN1, OBFC2A, SLC5A12, SLC37A3, PLD6, or negative correlations with EVI2A), though the number of IL-4 targets significantly correlated with ZAP-70 was higher than with CD38 or ITGA4 ([Table S10](#pone.0109533.s013){ref-type="supplementary-material"}). Analysis of the gene response to IL-4 according to cytogenetic characteristics of patients or between untreated and previously treated patients did not result in significant findings, possibly due to the low number of cases within some of the groups compared. Therefore, the gene response to IL-4 is related to the expression of CLL prognostic markers, especially ZAP-70.

![Pearson correlation analysis of the IL-4 upregulated targets compared between themselves and with ZAP-70.\
Triangular heat map representing the pairwise correlation coefficients (R) of the IL-4 upregulated targets between themselves. The IL-4 targets are ordered according to their correlation coefficients with ZAP-70, which are represented at the left and bottom sides. Cut-off values for positive or negative correlations with ZAP-70 were set at 0.4 and −0.4, respectively. In the event that several probes represent the same gene, only one is shown. Correlation coefficients are depicted according to the shown color scale. Inset shows Pearson correlation analysis between ZAP-70 levels by microarray (expressed as log~2~ ratios) and by qPCR (expressed as --ΔΔCt ratios).](pone.0109533.g003){#pone-0109533-g003}

Functional interpretation of the IL-4 target data sets using the MetaCore database and analysis tools {#s3e}
-----------------------------------------------------------------------------------------------------

Based on upregulation of specific genes, MetaCore analysis of the CLL data set suggested activation of Wnt signaling and cell adhesion, whereas analysis of the NBC data set suggested activation of Creb signaling and angiogenesis ([Fig. 4A](#pone-0109533-g004){ref-type="fig"}). Analysis of the ZAP-70^Pos^ data set suggested activation of Wnt signaling, regulation of epithelial to mesenchymal transition, and cell adhesion, whereas analysis of the ZAP-70^Neg^ data set suggested activation of oxidative stress regulation, and angiogenesis ([Figure 4B](#pone-0109533-g004){ref-type="fig"}). Taken together, MetaCore functional analyses support that IL-4 may transduce specific pathways in CLL and NBC, and according to ZAP-70 expression in CLL.

![Pathways and networks differently affected according to MetaCore analysis of IL-4 targets.\
(A) Pathways and networks differently affected in CLL and NBC. (B) Pathways and networks differently affected in ZAP-70 positive and negative patients. Relevant genes for these functions within each group are specified.](pone.0109533.g004){#pone-0109533-g004}

Correlations between IL-4 targets and apoptosis {#s3f}
-----------------------------------------------

Apoptosis was studied by flow cytometry analysis of annexin V positive cells. IL-4 significantly reduced spontaneous apoptosis of CLL cells, but not of NBC cells in this time period ([Figure 5A](#pone-0109533-g005){ref-type="fig"}). Therefore, CLL cells were more prone to spontaneous apoptosis but also better protected by IL-4 than NBC, in agreement with previous studies [@pone.0109533-Douglas1]. Differential basal expression between CLL and NBC of apoptosis-related genes, such as Bcl2 family members, and/or changes of expression during culture, might account for the different sensitivity to spontaneous apoptosis. Within the Bcl2 family, we observed significant basal overexpression of pro-apoptotic BBC3 and BMF in CLL, but also underexpression of pro-apoptotic BCL2L11/BIM ([Table S2](#pone.0109533.s005){ref-type="supplementary-material"}). According to MetaCore analysis, additional 86 apoptosis-related genes had different basal levels (data not shown), being some of them more than 10-fold underexpressed in CLL (GNG11, IL6, FHL2, NGFRAP1, and ITGB3). Cell culture induced changes of an elevated number of genes that persisted in the presence of IL-4 in CLL ([Table S6](#pone.0109533.s009){ref-type="supplementary-material"}) and in NBC ([Table S7](#pone.0109533.s010){ref-type="supplementary-material"}). Of them, FOS, FOSB, DUSP1, CEBPD, and ITGB2 were more than 5-fold downregulated in both cell types, GZMA and JUN had stronger downregulation in CLL (indeed, JUN was one of the IL-4 targets ([Table S3](#pone.0109533.s006){ref-type="supplementary-material"})), and MYLK, PRKAR2B, SELP, FHL2, JUND, SMPD3, and CLDN5, in NBC. Within the Bcl2 family, BCLAF1 was downregulated by cell culture similarly in CLL and NBC, and BMF was upregulated by cell culture only in NBC. With regards to the differential anti-apoptotic effect of IL-4, MetaCore analysis identified, as related to apoptosis, the IL-4 upregulated targets CASP3, CCR2, CISH, GFI1, ICAM1, LNPEP, NCF2, NFKBIZ, RPS6KA2, SOCS1, and XBP1, and the IL-4 downregulated target GADD45B, in CLL ([Table S3](#pone.0109533.s006){ref-type="supplementary-material"}), but only CCR2, CISH, SOCS1, and XBP1, in NBC ([Table S4](#pone.0109533.s007){ref-type="supplementary-material"}). In addition, CAMKK1 and ESR2 were upregulated by cell culture but recovered their baseline levels by IL-4 in CLL ([Table S8](#pone.0109533.s011){ref-type="supplementary-material"}), and GNG4 and HRK were upregulated, and JAK2 was downregulated by cell culture, but their levels were stabilized by IL-4 in NBC ([Table S9](#pone.0109533.s012){ref-type="supplementary-material"}). Therefore, many genes may contribute to the increased response of CLL to IL-4. In addition, we compared the percentages of protection and the levels of change of the IL-4 targets in CLL, and found significant correlations, pointing out new potential anti-apoptotic players, of which HOMER2 and BCL6 had the highest increases ([Table 2](#pone-0109533-t002){ref-type="table"}). No significant differences were observed in the levels of spontaneous apoptosis or protection by IL-4 between ZAP-70 positive and negative patients ([Figure 5A](#pone-0109533-g005){ref-type="fig"}), despite the fact that levels of some apoptosis-related IL-4 targets suffered significantly higher increases in ZAP-70 positive patients (SOCS1, NFKBIZ) or in ZAP-70 negative patients (LNPEP, RPS6KA2).

![Effect of an NFκB inhibitor on apoptosis and gene expression response to IL-4 in CLL.\
(A) Apoptosis of NBC and CLL cells cultured for 18 h in the absence or presence of IL-4, and CLL cells cultured with IL-4 plus an NFκB activation inhibitor (NFκBi) at 1 µM and 10 µM. CLL are represented together and also separated in ZAP-70 positive and negative. Apoptosis was measured as the percentage of cells labelled with Annexin V (*top panel*). The *bottom panel* represents results in CLL patients after subtracting the percentage of apoptotic cells of the Ctrl samples to the IL-4, IL-4 plus 1 µM NFκBi, and IL-4 plus 10 µM NFκBi samples. T tests were used to compare the levels of apoptosis between cell types and conditions. When differences were significant the p-values are indicated as follows: \*, p\<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001. (B) Expression of the ZAP-70^Pos^ IL-4 targets SUSD2 and CCR2, and (C) of the ZAP-70^Neg^ IL-4 targets AUH, LY75, NFIL3, and BCL6), measured by qPCR, in 7 ZAP-70 positive and 8 ZAP-70 negative patients. The ratios for expression of IL-4 targets following treatment with IL-4 alone, IL-4 plus NFκBi at 1 µM, and IL-4 plus NFκBi at 10 µM, compared to Ctrl, are represented. P-values are depicted as in A.](pone.0109533.g005){#pone-0109533-g005}

10.1371/journal.pone.0109533.t002

###### IL-4 targets correlated with protection by IL-4 in CLL.

![](pone.0109533.t002){#pone-0109533-t002-2}

  Gene Symbol    Fold change^†^   R-coefficient   p-value
  ------------- ---------------- --------------- ----------
  HOMER2             18.72            0.579       3.80E-02
  BCL6                7.10            0.598       3.08E-02
  CLEC4A              6.65            0.657       1.47E-02
  FCRL2               5.46            0.813       7.29E-04
  CABIN1              4.09            0.600       3.03E-02
  RMI2                3.90            0.660       1.41E-02
  LILRB2              3.86            0.665       1.32E-02
  FRY                 3.62            0.568       4.28E-02
  GIT2                2.70            0.633       2.01E-02
  TMEM71              2.66            0.735       4.22E-03
  BDH2                2.65            0.668       1.25E-02
  PLEK2               2.59            0.579       3.80E-02
  ZNF107              2.14            0.721       5.42E-03
  GADD45B            -2.89           -0.564       4.48E-02

(†) Mean fold change for comparison IL-4 vs Ctrl.

Effects of an NFκB activation inhibitor on the gene expression response to IL-4 {#s3g}
-------------------------------------------------------------------------------

To investigate the role of NFκB on the gene expression response to IL-4 in CLL, we used a quinazoline that inhibits the transactivation capacity of NFκB [@pone.0109533-Tobe1], in a ZAP-70 positive patient (CLL01). We found that the NFκB inhibitor preferentially downregulated the response of the ZAP-70^Pos^ genes, and upregulated the response of the ZAP-70^Neg^ genes ([Table S10](#pone.0109533.s013){ref-type="supplementary-material"}). The NFκB activation inhibitor counteracted the anti-apoptotic effect of IL-4 in CLL in a dose-dependent manner, especially in ZAP-70 positive patients at 10 µM ([Figure 5A](#pone-0109533-g005){ref-type="fig"}). The response of selected ZAP-70^Pos^ targets (SUSD2, and CCR2 ([Figure 5B](#pone-0109533-g005){ref-type="fig"})), and ZAP-70^Neg^ targets (AUH, LY75, NFIL3, and BCL6 ([Figure 5C](#pone-0109533-g005){ref-type="fig"}) to IL-4 plus NFκB activation inhibitor was confirmed by qPCR in 7 ZAP-70 positive and 8 ZAP-70 negative patients. Upregulation of the ZAP-70^Neg^ targets by the NFκB inhibitor was higher in ZAP-70 negative patients.

Discussion {#s4}
==========

The study of the changes in the GEPs induced by microenvironmental factors may help to understand the underlying mechanisms sustaining CLL pathogenesis. Despite the fact that IL-4 has been recognized as a key survival factor in CLL for a long time, the GEPs induced by IL-4 in CLL are poorly known. Here, we identified 229 well-defined genes as IL-4 targets in CLL and NBC altogether, most of which were novel IL-4 targets for CLL, B cells of diverse origin, lymphocytes, or other cell types. The previously known IL-4 targets that were also identified in our study provided a proof of validity for our microarray study. An additional validation was obtained by qPCR analysis on a significant set of genes. The introduction of two reference samples helped to define accurately the IL-4 targets by exclusion of those genes modulated by cell culture, but in general, comparison IL-4 vs Ctrl was necessary and sufficient.

In our analysis, the number of IL-4 targets was higher in CLL than in NBC. This outcome has two alternative (non-exclusive) explanations. First, that the different size of patient and control populations favors an increased detection of statistically significant targets with relatively heterogeneous response in CLL. Second, that indeed CLL have a stronger gene expression response. A substantial part of the gene response was common to CLL and NBC, qualitatively and quantitatively. However, sets of 54 and 11 genes with differential responses (most of them specific) were found in CLL and NBC, respectively. Previous studies had reported increased expression of the IL-4 receptor in CLL, at the protein [@pone.0109533-Douglas1], and the mRNA level by microarray [@pone.0109533-Zheng1], but in another study differences were not found [@pone.0109533-Kaminski1]. In our study, as in the latter, no significant differences were observed between the basal levels of IL4R mRNA in CLL and NBC. The first two studies were performed with lower number of samples and/or used B cell samples of different source (tonsil). Furthermore, in our study the IL4R gene was induced similarly by IL-4 in CLL and NBC, suggesting that the differential response arises downstream of IL4R.

Correlations with useful prognostic markers may help to reveal new altered pathways and alternative therapeutic targets. We observed that two sets of IL-4 targets had changes correlated positively and negatively with the basal levels of ZAP-70. ZAP-70 has not been previously related to the IL-4 pathway, but several interactions with components of this pathway had been reported ([Figure 6](#pone-0109533-g006){ref-type="fig"}). Differentially regulated genes play essential roles in developmental and survival pathways, such as Wnt signaling and cell adhesion in the ZAP-70^Pos^ set (CDH1, WNT5B, WNT11). CDH1 expression was reported to be repressed epigenetically in CLL [@pone.0109533-Moskalev1], and our data suggest that IL-4 overcomes this repression, especially in ZAP-70 positive patients (and also in patients expressing the adhesion protein ITGA4). These data may be related with recent evidence that ZAP-70 positive CLL cells exhibit higher adhesion capacity to stromal cells in response to CD40L+IL-4 [@pone.0109533-Lafarge1]. Previous studies have detected increased levels of the anti-apoptotic proteins BCL2, using IL-4 [@pone.0109533-Dancescu1], or MCL1, BCL2L1, BCL2A1, or XIAP, using the CD40L/IL-4 system [@pone.0109533-Willimott1], [@pone.0109533-Cosimo1], without correlation at the mRNA level, and our study using IL-4 alone did not detect significant changes of expression of their transcripts either. However, our study contributes several candidate genes for the anti-apoptotic mechanism of IL-4 in CLL, for the higher sensitivity of CLL cells to cell culture, and for the higher protective effect of IL-4 in CLL cells compared to NBC. Some of the IL-4 targets, and some of the genes whose levels were altered by culture but stabilized by IL-4, were previously related to apoptosis, and their responses were often stronger in CLL (e.g. CASP3, GFI1, ICAM1, LNPEP, NCF2, NFKBIZ, RPS6KA2, GADD45B). In addition, several IL-4 targets, some of which had not been previously related to apoptosis, correlated to the levels of cytoprotection. The most upregulated genes of this list, HOMER2 and BCL6, also had significant stronger responses in CLL (HOMER2 for comparison IL-4 vs Pre, and BCL6 for comparison IL-4 vs Ctrl, [Table S3](#pone.0109533.s006){ref-type="supplementary-material"}). HOMER2 belongs to a family of scaffolding proteins that prevent neuronal apoptosis through PI3K and the glutamate receptor [@pone.0109533-Rong1], and regulate T cell activation by binding to NFAT [@pone.0109533-Huang1], but its role in B cells remains largely unknown. BCL6 is a repressor transcription factor associated to worse prognosis in CLL [@pone.0109533-JantusLewintre1]. The identification of these genes provides a starting point for future studies aimed at defining precisely the survival mechanism of IL-4. In contrast to the study of Coscia and co-workers [@pone.0109533-Coscia1] which reports lower sensitivity to spontaneous apoptosis of CLL cells expressing poor prognosis markers, we did not observe significant differences in sensitivity of ZAP-70 positive and negative patients, despite differential regulation of several apoptosis-related IL-4 targets (SOCS1, NFKBIZ, LNPEP, RPS6KA2). However, we did observe differential cytoprotection following treatment with IL-4 and an NFκB inhibitor (see below).

![Map of the IL-4 signaling pathway and the potential role of ZAP-70.\
Adaptation of the pathway map entitled "Immune response_IL-4 -- anti-apoptotic action" from MetaCore from Thomson Reuters. The map has been simplified leaving the minimal elements for activation of transcription factors essential in regulation of gene expression. ZAP-70 and its interactions with members of the pathway reported in the MetaCore database have been added to suggest its potential involvement in the pathway, and a link has been added for the reported interaction between NFκB and STAT6 [@pone.0109533-Shen1]. Red arrows indicate that IL4R, SOCS1, RPS6AK2, and NFKBIZ are components of the pathway identified as IL-4 upregulated targets in this study. Other genes of the pathway were significantly regulated by cell culture, such as AKT3 (up) and GRB2 (down).](pone.0109533.g006){#pone-0109533-g006}

NFκB and ZAP-70 are effectors of the BCR signalling pathway. NFκB expression is induced following BCR signalling, and associates to cell survival and expression of ZAP-70 in CLL [@pone.0109533-LpezGuerra1]. ZAP-70 enhances the BCR signalling responses in CLL [@pone.0109533-Chen1], [@pone.0109533-Calpe1]. NFκB inhibitors induce apoptosis of CLL cells, and ZAP-70 positive patients have higher NFκB activity and increased sensitivity [@pone.0109533-Pickering1], [@pone.0109533-Hewamana1]. We show that an NFκB inhibitor counteracted the anti-apoptotic effect of IL-4, especially in ZAP-70 positive patients, and the gene expression response of a great part of IL-4 targets, especially the ZAP-70^Pos^ targets which, therefore, would depend on NFκB for IL-4 responsiveness. However, the inhibitor potentiated the response of a collection of genes, especially the ZAP-70^Neg^ targets, suggesting a novel mechanism by which ZAP-70 and NFκB could work together to diminish responsiveness to IL-4 of this gene set. Examples of genes of both groups were confirmed by qPCR, such as CCR2, the chemokine receptor of CCL2, involved in CLL survival [@pone.0109533-Burgess1], NFIL3, a pro-survival transcription factor in B cells [@pone.0109533-Ikushima1], and BCL6. Revealing the existence of this dual mechanism has been made possible by performing transcriptome-wide studies. The search for a molecular explanation, including the role played by ZAP-70, will be the goal of future studies. JAK3 has also been targeted with promising results in CLL using the specific inhibitor PF-956980 [@pone.0109533-Steele1]. Our preliminary data indicate that PF-956980, similarly to the NFκB inhibitor, counteracts protection by IL-4, but abrogates completely the gene expression response both of ZAP-70^Pos^ and ZAP-70^Neg^ targets (data not shown), suggesting that targeting this step, which blocks STAT6 activation, fully abolishes the pathway.

In summary, the present study identifies sets of new genes that respond differentially to IL-4 in CLL depending on ZAP-70 expression and NFκB activation, contributing to the understanding of the anti-apoptotic response to IL-4 of CLL. In the context of evaluating inhibition of the IL-4 pathway as a therapeutic strategy in CLL, several steps may be targeted. Because inhibition of NFκB counteracts cytoprotection by IL-4, and is associated to an attenuated response of a set of IL-4 targets, NFκB targeting should be further explored especially in CLL patients expressing bad prognostic markers.

Supporting Information {#s5}
======================

###### 

**Comparison of baseline GEPs of CLL and NBC.** Heatmap representation of genes basally underexpressed (A) and overexpressed (B) in CLL compared to NBC, above a cut-off value of 3-fold change, and p values of less than 0.001, at time zero after purification of B cells. In the event that several probes represent the same gene, only one is shown. The relative level of gene expression is depicted according to the shown color scale.

(TIF)

###### 

Click here for additional data file.

###### 

**Validation of microarray analysis by qPCR.** Pearson correlation analysis between microarray and qPCR for 16 IL-4 targets. Microarray data were expressed as log fold change ratios, and qPCR data as −ΔΔCt ratios. The CLL and NBC samples are represented together. Correlation coefficients (r) and p-values are indicated. The IL-4 targets were ordered alphabetically.

(TIF)

###### 

Click here for additional data file.

###### 

**Hierarchical clustering analysis for IL-4 upregulated targets correlated with ZAP70.** (A) Hierarchical clustering analysis using the ZAP70^Pos^ IL-4 targets. (B) Hierarchical clustering analysis using the ZAP70^Neg^ IL-4 targets. In order to make groups of similar size, we selected, among the 23 patients studied by microarray, the 5 patients with the lowest levels of ZAP70, the 5 patients with the highest levels of ZAP70 and other 6 patients with intermediate values. Both analyses were able to separate CLL into two clusters containing the 5 positive and 5 negative patients. In the event that several probes represent the same gene, only one is shown. Fold changes for the IL-4 targets, or relative levels for basal expression of ZAP70 by microarray, are depicted according to the shown log~2~ color scale.

(TIF)

###### 

Click here for additional data file.

###### 

**Characteristics of CLL patients.**

(XLS)

###### 

Click here for additional data file.

###### 

**Differential basal gene expression levels between CLL and NBC.**

(XLS)

###### 

Click here for additional data file.

###### 

**IL-4 targets in CLL and comparison of their responses with those in NBC.**

(XLS)

###### 

Click here for additional data file.

###### 

**IL-4 targets in NBC and comparison of their responses with those in CLL.**

(XLS)

###### 

Click here for additional data file.

###### 

**Novel and previously known IL-4 targets in diverse cell types (with references) among the IL-4 targets identified in CLL and NBC in the present study.**

(XLS)

###### 

Click here for additional data file.

###### 

**Gene expression changes induced by culture not counteracted by IL-4 in CLL.**

(XLS)

###### 

Click here for additional data file.

###### 

**Gene expression changes induced by culture not counteracted by IL-4 in NBC.**

(XLS)

###### 

Click here for additional data file.

###### 

**Gene expression changes induced by culture counteracted by IL-4 in CLL.**

(XLS)

###### 

Click here for additional data file.

###### 

**Genes expression changes induced by culture counteracted by IL-4 in NBC.**

(XLS)

###### 

Click here for additional data file.

###### 

**Effects of an NFκB activation inhibitor on the response of the IL-4 upregulated targets in a CLL patient (CLL01, Zap70 positive).**

(XLS)

###### 

Click here for additional data file.
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